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Abstract

Purpose: The bromodomain and extraterminal (BET) containing proteins (BRD2/3/4) are
essential epigenetic co-regulators for prostate cancer growth. BRD inhibitors have shown promise
for treatment of metastatic castration-resistant prostate cancer (NCRPC), and have been shown to
function even in the context of resistance to next-generation AR-targeted therapies such as
enzalutamide and abiraterone. Their clinical translation, however, has been limited by off target
effects, toxicity, and rapid resistance.

Experimental Design: We have developed a series of molecules that target BET bromodomain
proteins through their proteasomal degradation, improving efficacy and specificity of standard
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inhibitors. We tested their efficacy by utilizing prostate cancer cell lines and patient derived
xenografts, as well as several techniques including RNA-seq, Mass Spectroscopic Proteomics and
Lipidomics.

Results: BET-degraders function /n vitroand in vivoto suppress prostate cancer growth. These
drugs preferentially affect AR-positive prostate cancer cells (22Rv1, LNCaP, VCaP) over AR-
negative cells (PC3 and DU145), and proteomic and genomic mechanistic studies confirm
disruption of oncogenic AR and MY C signaling at lower concentrations than BET-inhibitors. We
also identified increases in polyunsaturated fatty acids (PUFAs) and Thioredoxin-interacting
protein (TXNIP) as potential pharmacodynamics biomarkers for targeting BET proteins.

Conclusions: Compounds inducing the pharmacologic degradation of BET proteins effectively
targets the major oncogenic drivers of prostate cancer, and ultimately present a potential advance
in the treatment of MCRPC. In particular, our compound dBET-3, is most suited for further clinical
development.
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Introduction:

Surgical or chemical castration targeting the androgen receptor (AR) signaling axis has been
the mainstay of prostate cancer (PCa) treatment since the landmark study by Charles
Huggins and Clarence Hodges in 1941 (1). Androgen receptor signaling is critical for
prostate development and homeostasis, and is necessary for the function, survival, and
differentiation of prostatic tissue (2,3); however, its signaling is altered from tumor
suppressive to tumor promoting during prostate carcinogenesis (2,4,5). Unfortunately, the
suppressive effects of castration on AR signaling are temporary. After a few years of
treatment, PCa will again progress to what is termed “castration-resistant” disease (6).
Although castration-resistant prostate cancer (CRPC) is by definition no longer managed by
testosterone suppression alone, the clinical development of second-generation AR
antagonists, including enzalutamide, has confirmed that the AR remains an important
oncogene in CRPC (7). Unfortunately, response to enzalutamide is temporary and the overall
survival of CRPC patients is only increased by months when compared to placebo (8,9). The
current clinical paradigm for the treatment of PCa, even in the castration-resistant state,
remains focused on inhibition of AR signalling, and the contribution of other, non-AR
mediated resistance mechanisms is poorly understood with a clear need for more therapeutic
targets.

We recently illustrated the efficacy of targeting bromodomain and extraterminal (BET)
containing proteins (BRD2/3/4) in inhibiting AR-mediated gene transcription, suppressing
CRPC growth, as well as enhancing the efficacy and disrupting resistance of AR-targeted
therapies (10,11). In addition to acting as critical co-activators for AR-mediated gene
transcription, BRD2/3/4 function to facilitate transcriptional activation of many transcription
factors by increasing their effective molarity on the chromatin through interactions with
acetylated histones and RNA polymerase Il (RNA Pol-I1) transcriptional elongation factors
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(12). This function of BRD proteins is best characterized through their role in regulating
oncogenic c-MYC transcriptional activity (13). Treatment with pharmacologic BET
inhibitors such as JQ1 leads to suppression of c-MYC transcription, an oncogene shown to
convey androgen independent growth of PCa cells and upregulated in CRPC (14,15),
followed by genome-wide downregulation of Myc-dependent target genes (13). Given the
effects of BET inhibitors on PCa, JQ1 is a seemingly attractive candidate for clinical
translation but is limited by off-target effects, such as binding to the proteins DDB1 and
RAD23B (hHR23b) as well as toxicity (16). Therefore, there is a need to improve the
efficacy and specificity of molecules that target BET proteins. Based on a thalidomide
backbone, we have designed the degraders dBET-1, dBET-2, and dBET-3, which bind to
both to E3 Ubiquitin-ligase Cereblon (CRBN), similar to the drug thalidomide (17), as well
as to BET proteins. Importantly, the interaction between CRBN and BET proteins leads to
the latter’s ubiquitination and subsequent proteasomal degradation. The structures of these
degraders, which were initially named ZBC-244 (dBET-1), ZBC-246 (dBET-2), and
ZBC-260 (dBET-3), have been published in Bai et al. 2017 and Zhou et al. 2018 (18,19).

Here, we demonstrate that CRBN-mediated BET degraders have increased specificity and
efficacy in PCa when compared to currently investigated BET inhibitors or degraders.
Furthermore, treatment with the CRBN-mediated BET degraders dBET-1, dBET-2, and
dBET-3 on PCa cells disrupted the AR and MY C signaling axes, and produced dramatic
growth-inhibitory and pro-apoptotic effects in /n vitro and /n vivo models of PCa.

Materials and Methods:

Cell Culture and Viability Assay

Cell lines (VCaP, LNCaP, CWR-22Rv1, DU145 and PC3) were cultured, maintained, and
obtained from American Type Culture Collection (Manassas, VVA) or other sources are
previously described in Kregel et al 2016 (7). For viability assays, cells were seeded in 96-
well plates at 2000-10,000 cells/well (optimum density for growth) in a total volume of
100! media containing 10% FBS. Serially diluted compounds in 100pul media were added to
the cells 12 hours later. Following 5 days of incubation, cell viability was assessed by Cell-
Titer GLO (Promega, Madison, WI). The values were normalized and 1C:50 was calculated
using GraphPad Prism 6 software. R1881 was purchased from Sigma-Aldrich (St. Louis,
MO) and enzalutamide (MDV3100) from Selleck Chemicals (Houston, TX), and were
stored at —20°C in ethanol and —80°C in DMSO, respectively.

Antibodies and Immunoblot analyses

Antibodies used in the immunoblotting (IB) assays are AR (Millipore, Billerica, MA, Cat. #
06-680), BRD2 (Bethyl Laboratories, Montgomery, TX, Cat. #A700-008), BRD3 (Bethy!
Laboratories Cat. #A302—-368A), BRD4 (Bethyl Laboratories Cat. #A301-985A), cPARP
(Cell Signaling Technology, Danvers, MA Cat. # 9541), ERG (Abcam, Cambridge, UK
Cat.# ab92513), GAPDH (Cell Signaling, Cat. # 3683S), MYC (Cell Signaling Cat.
#5605S), PSA (Dako Cat. #A0562), and TXNIP (Cell Signaling, DSF3E, Cat. # 4715). All
antibodies were employed at dilutions suggested by the manufacturers. Whole-cell lysates
collected from cells seeded at 1 x 106 cells per well of a 6 well plate (Becton, Dickinson and
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Company, Franklin Lakes, New Jersey) were lysed in RIPA-PIC buffer [150 mM sodium
chloride, 1.0% lIgepal CA-630 (Sigma-Aldrich, St Louis, MO), 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris, pH 8.0, 1x protease inhibitor cocktail (Roche Molecular
Biochemicals; Penzberg, Germany)], scraped, and sonicated (Fisher Scientific; Hampton,
NH; model FB-120 Sonic Dismembrator). Protein was quantified by BCA assay (Thermo-
Fisher Scientific, Waltham, MA); 30 ug of protein were loaded per lane, separated by SDS-
PAGE and transferred onto Nitrocellulose membrane (GE Healthcare, Chicago, IL). The
membrane was incubated for 1 hour in blocking buffer [Tris-buffered saline, 0.1% Tween
(TBS-T), 5% nonfat dry milk] followed by incubation overnight at 4°C with the primary
antibody. Following a wash with TBS-T, the blot was incubated with horseradish
peroxidase-conjugated secondary antibody and signals were visualized by enhanced
chemiluminescence system as per manufacturer’s protocol (GE Healthcare).

RNA isolation, quantitative real-time PCR, and RNA-seq:

Total RNA was isolated from either cells grown similar to as previously described or whole
homogenized tumor xenograft tissue using miRNAeasy kit, including the optional DNAse
digestion (Qiagen, Valencia, CA), and cDNA was synthesized from 1,000 ng total RNA
using Maxima First Strand cDNA Synthesis 111 Kit for RT-gPCR (Thermo Fisher Scientific).
Quantitative real-time PCR was performed in triplicate using standard SYBR green reagents
and protocols on a StepOnePlus Real-Time PCR system (Applied Biosystems). The target
MRNA expression was quantified using the AACt method and normalized to HMBS
expression. All primers were designed using Primer 3 (http://frodo.wi.mit.edu/primer3/) and
synthesized by Integrated DNA Technologies (Coralville, 1A). Primer sequences as follows:
MY C forward: 5’-CCTGGTGCTCCATGAGGAGAC-3";MYC reverse: 5’-
CAGACTCTGACCTTTTGCCAGG-3’; GAPDH forward: 5’-
GTCTCCTCTGACTTCAACAGCG-3’; GAPDH reverse: 5’-
ACCACCCTGTTGCTGTAGCCAA-3’; PSA (KLK?3) forward: 5’-
TCATCCTGTCTCGGATTGTG-3’; PSA (KLK3) reverse: 5’-
ATATCGTAGAGCGGGTGTGG-3’; TXNIP forward: 5’-
CAGCAGTGCAAACAGACTTCGG-3’; TXNIP reverse: 5°-
CTGAGGAAGCTCAAAGCCGAAC-3’; p-Actin forward: 5’-
CACCATTGGCAATGAGCGGTTC-3’; pB-Actin reverse: 5’
AGGTCTTTGCGGATGTCCACGT-3’. RNA-seq was performed using the lllumina HiSeq
2000 in paired end mode, as previously described (43). For each gene, a rank list was
generated by ordering each gene in the differential expression analysis by the DESeq2 (44)
log fold change value (log2foldchange). These rank lists were used in a weighted, pre-
ranked GSEA (45) analysis against MSigDBV5 (46).Significant associations were
determined for any gene set having an FWER p-value below 0.01.

Proteomic and Lipidomic Profiling:

Cell lysis was proteolyzed and labeled with TMT 10-plex (Thermo Fisher Scientific)
following the manufacturer’s protocol. Proteomic Mass Spectroscopy was performed with
help from the University of Michigan Proteomic and Peptide Synthesis core. Detailed
methods are found in Bai et al 2017 (19).
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Untargeted LC-MS Based Shotgun Lipidomics was performed as detailed in Afshinnia et al.
2016 (47). The lipids were extracted from cell lines using a modified Bligh-Dyer method
using a 2:2:2 ratio volume of methanol: water:dichloromethane at room temperature after
spiking internal standards. The organic layer was collected and completely dried under
nitrogen. Before mass spectrometry analysis, the dried lipid extract was reconstituted in 100
pL of Buffer B (10:85:5 ACN/IPA/H,0) containing 10mM ammonium acetate and subjected
to LC/MS. Mass spectrometry data acquisition for each sample was performed in both
positive and negative ionization modes using a TripleTOF 5600 equipped with a DuoSpray
ion source (AB Sciex, Concord, Canada).

Murine Prostate Tumor Xenograft Models:

Four week-old male SCID CB17 mice were obtained from a breeding colony at University
of Michigan maintained by our group. Mice were anesthetized using 2% Isoflurane
(inhalation) and either 2x108 VVCaP or MDA PCa 146-12 PDX PCa cells suspended in
100uI of PBS with 50% Matrigel (BD Biosciences) were implanted subcutaneously into the
dorsal flank on both sides of the mice. Once the tumors reached a palpable stage (100mms3),
the animals were randomized and treated with either 5mg/kg body weight dBET-3 or vehicle
control (10% PEG400: 3% Cremophor: 87% PBS) via tail vein injection respectively three
times a week. Growth in tumor volume was recorded using digital calipers and tumor
volumes were estimated using the formula (t/6) (L x W2), where L = length of tumor and
W= width. Loss of body weight during the course of the study was also monitored. At the
end of the studies, mice were sacrificed and tumors were extracted and weighed. For the
CRPC experiment, VVCaP tumor bearing mice were castrated when the tumors were
approximately 200mms3 in size and, once the tumor grew back to the pre-castration size, they
were randomized and treated with dBET-3 or vehicle control. All procedures involving mice
were approved by the University Committee on Use and Care of Animals (UCUCA) at the
University of Michigan and conform to all regulatory standards.

Whole Genome sgRNA CRISPR/Cas9 Screen:

Results:

Screen was performed in LNCaP cells similar to protocol from Doench et al. 2016 (48).
Human Brunello CRISPR knockout pooled library was a gift from David Root and John
Doench (Addgene #73178). Data was analyzed through a pipeline from X. Shirley Liu
group’s at Dana Farber Cancer Institute found in Li W et al. 2014 (49).

Efficacy of BET-degraders

We first assessed the cellular activity and selectivity of the degraders dBET-1 and dBET-2 in
a panel of AR-positive (VCaP, LNCaP, and 22rv1) and AR-negative (DU145 and PC3) PCa
cell lines. We evaluated the effect of compounds on cell proliferation and compared
sensitivities, as demonstrated by the half-maximum Inhibitory Concentration (1C:50) values
of the various BET inhibitors and degraders on the cell lines (Figure 1A). Thalidomide,
which interacts with CRBN, was combined with the BET inhibitor ZBC-11 (referred to as
iBET from hereon, structure found in Zhou et al. 2018 (18)) and additional chemical
modifications to form BET-degraders dBET-1 and dBET-2. For comparison, OTX-015 is a
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BET-inhibitor in clinical development. dBET-1 and dBET-2 have pico- to nano-molar I1C:50
concentrations in AR-positive cancer cells with >~10-fold higher efficacy than iBET alone,
and are >~100-fold more effective that OTX-015 (20). However, AR-negative PCa cells are
much less sensitive to all treatments, similar to what we have recently identified with other
BET-inhibitors (11,21). All prostate cancer cells show marked decreases in BRD4 protein
after being treated with either degrader for as little as 3 hours (Figure 1B, iBET treatment as
an inhibitor control). AR-positive LNCaP cells treated with dBET-1 and dBET-2 at 1, 3 and
24 hours showed a decrease in MY C expression while AR-negative cells did not (Figure
1B). LNCaP cells also showed PARP cleavage at 24 hours, indicating apoptosis.

BET inhibition is known to disrupt MYC and AR signaling (11,13) in prostate cancer cells.
To further characterize the effects of BET-degraders on AR-positive cancer cell lines, we
assayed their protein expression in 22rv1 and VCaP cell lines by western blot and
quantitative mass spectroscopy. Similar to what was seen in LNCaP (Figure 1B), 22rv1 and
V/CaP cells treated at 1, 3 and 24 hours with either dBET-1 or dBET-2 show a marked
decrease in MY C expression and the degradation of all BET isoforms (BRD2/3/4) expressed
in PCa cell lines (Figure 2A—-2B). VCaP cells also showed decreases in expression of the
canonical AR-target gene, prostate specific antigen (PSA or KLK?3), at 24 hours after
treatment (Figure 2A), thus illustrating AR-signaling disruption. Quantitative proteomic
analysis of isobaric tandem mass tag (TMT) labeled peptides from whole cell lysates of
VCaP and 22Rv1 cells treated with either the BET degrader dBET-2 or thalidomide control
for 12 hours confirms degradation of BET-proteins (Figure 2C, 2D). Furthermore, the AR-
target gene IGFPB3 was also shown to be downregulated in VVCaP cells treated with dBET-2
when compared to control. In both analyzed cell lines, TXNIP (Thioredoxin-interacting
protein), an AR- and MY C- repressed tumor suppressor protein that is commonly
upregulated in response to a variety of cell stresses and promotes apoptosis (22-25),
increased (Figure 2B-2D).

Confirmation of on-target degradation of BET proteins in prostate cancer cells

BET-degraders also prevent the upregulation of BRD proteins, which is observed with
inhibitor treatment. We utilized quantitative label-free mass spectroscopy of whole cell
lysates from VVCaP cells treated with iBET or dBET-2 and their respective controls to assay
global changes in protein levels. We identified increases of BRD2 in as little as 3 hours after
treatment with iBET when compared to control (Figure 2E), and observed a five-fold
increase of BRD2 at 12 hours, which was validated by increases in protein at 24 hours in
both VCaP and 22Rv1 cells (Figure 2A and 2B). On the other hand, we observed dramatic
decreases in BRD2/3/4 in cells treated with dBET-2 (Figure 2E). These data suggest that
BET inhibition may potentially induce upregulation of BET proteins, and which may serve
as a potential BET-inhibitor resistance mechanism that is preventable by BET-degrader
treatment. Furthermore, we compared the effects of ARV-825, a CRBN-based BET degrader
previously shown to have efficacy in PCa cell lines (26), and dBET-3, our iBET based
degrader with the highest efficacy and tolerability /7 vivo. At the same dose, we observe
greater degradation BRD4 in both VCaP and PC3 cells (Figure 2F and 2G), as well as
increased efficacy in inhibiting growth in 22Rv1 cells (Supplemental Figure 1) by dBET-3
when compared to ARV825.
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The Effects of BET-Degraders on Gene Transcription

To fully assess the effects of the BET-degraders on downstream transcriptional regulation,
we performed RNA-sequencing (RNA-seq) on VCaP, 22Rv1, and DU145 cells treated with
10nM dBET-2 and Thalidomide control (Figure 3A-F). Differentially expressed transcripts
were identified in both VCaP and 22Rv1 cells at 3 and 24 hours of 10nM dBET-2 treatment
(Figure 3A, 3C). Both VVCaP and 22Rv1 cells showed a significant correlation in which
transcripts were differentially expressed at both time points (Figure 3B, 3D). Furthermore,
MY C is downregulated at both time points and is the most downregulated transcript in both
cell lines at 3 hours. As we had observed in our proteomics experiments, TXNIP is
upregulated at both time points in both cell lines (Figure 3A, 3C). Overall, there is a bias
towards more genes being downregulated with BET-degrader treatment, which is consistent
with previous data suggesting that BET proteins function as transcriptional elongation
factors that promote productive elongation of transcripts (27). We also performed RNA-seq
on DU145 cells treated with dBET-2 and compared them to thalidomide-treated control
cells, and we identified no changes in gene expression that met a significant p-value; which
we validated in two independent experiments in triplicate (Figure 3E), and saw similar
effects with dBET-3 treatment (Figure 3F). Western blots confirmed that treatment with as
little as 5nM of two independent AR-degraders, our dBET-3 or the Arvinas compound
ARV-825, resulted in the substantial loss BET-proteins in DU145 cells (Figure 3G). And
found complete loss of BET expression with both 10nM dBET-2 and dBET-3 for 3 hours
(Figure 3H). These results confirm that there is little effect of BET-degradation in AR-
negative cell lines.

From the differentially altered genes in VCaP and 22Rv1 cells, we performed enrichment
across the Molecular Signatures Database (MSigDB) to identify altered and essential global
pathways for the growth phenotype observed in AR-positive cell lines. Consistent with
previous data, altered pathways in both cell lines strikingly correlated with the
downregulation of pathways, primarily that of AR and MYC (Figure 3I). Curiously, immune
response pathways were significantly upregulated after 3 and 24 hours of degrader treatment
in both cell lines. This result supports previous studies that have shown BET inhibition to
boost anti-tumor immune responses, and suggests that targeting BET proteins in
combination with immune checkpoint inhibitors may potentially elicit a synergistic response
(28). Furthermore, c-MYC driven tumors are reported to have intrinsic tumor cell
autonomous regulation and suppression of both innate and adaptive immune responses, and
inhibition of MY C restores immune responses to tumor cells (29).

The Effects of BET-Degraders on Cellular Lipid Profiles

We identified though MSigDB that fatty acid metabolism gene expression is suppressed
upon treatment of BET-degraders at 24 hours (Figure 3G). To validate these effects and
identify a lipid-based signature associated with BET inhibition and degradation in PCa cell
lines, we performed lipidomic mass spectroscopy analysis on VCaP and 22Rv1 cells treated
with BET-degrader dBET-3 (Figure 4 A-D), BET-inhibitors iBET and OTX-015
(Supplemental Figures 2-7), as well as enzalutamide and androgen (R1881). We found that
both cell lines treated with BET-degraders have higher levels of polyunsaturated fatty acids
(PUFASs) and lower levels of other lipid species including phospholipids and saturated fatty
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acids (Figure 4 A-D). These findings suggest that this shift in fatty acid composition reflects
a decrease in de novo fatty acid synthesis as well as decreased metabolism, and corresponds
to the alterations seen in the transcriptional profiles (Figure 3F) which are not seen in
DU145 cells with similar treatments (Supplemental Figure 4). Furthermore, this correlates
with changes in MYC expression, as MY C knockout cells have been shown to have lower
levels of saturated fatty acids and higher levels of PUFAs (30). Additionally, lipid
metabolism is AR-regulated in PCa cells, and lipogenesis can be inhibited upon AR-
inhibition in a manner dependent on sterol regulatory element-binding proteins (SREBP)
(31). In fact, while many of these PUFAs are also enriched with enzalutamide treatment,
even more PUFA lipid species are increased in cells treated with dBET-3 when compared to
the anti-androgen treatment, and a correlative increase in saturated fatty acids is seen with
androgen (R1881) treated cells (Supplemental Figures 5-7).

In Vivo Efficacy of BET-Degraders

BET-degraders also show strong efficacy in multiple PCa models /n vivo. We first utilized a
castration-resistant VCaP xenograft model. Intact CB-17 SCID mice were inoculated with
tumors, and mice were castrated once the tumors reached 200mm3 in size. The tumors
initially regressed, but start growing again as previously characterized (11). When the tumor
grew back to the pre-castration size, animals were treated with either 5 mg/kg dBET-3, the
BET-degrader optimized for /n vivo efficacy, 10 mg/kg dBET-2, our initial in vivo
compound, or thalidomide control. Tumor volumes of the dBET-3-treated mice were
dramatically reduced when compared to control (Figure 5A). We then assayed the effects of
dBET-3 on the castration-resistant patient derived xenograft (CRPC PDX) mouse model,
MDA PCa 146-12. Similar to the castration resistant \VCaP model, tumor volume was
significantly smaller in dBET-3-treated CRPC PDX mice (Figure 5B). RNA extracted from
tumors in both VCaP xenograft and CRPC PDX models confirmed decreases in MYC
expression (Figure 5C and 5D). Furthermore, rapid and sustained on-target decreases in
BRD-4, MYC, and ERG proteins, as well as TXNIP upregulation, were observed in protein
lysates of VCaP xenograft tumors from dBET-2 treated mice (Figure 5E). On the transcript
level, MYC and PSA rapidly decreased, and corresponding TXNIP induction was observed
from mRNA extracted from VVCaP xenograft tumors from dBET-3 (5mg/kg) treated mice
sacrificed at 3 hours after one dose of Bet-degrader treatment (Figure 5F). Treatment with
dBET-3 had no effect on mouse weight when compared to control and was tolerated well
during the course of these experiments (Supplemental figure 8).

Predicting Potential Mechanisms of Resistance to BET-Degraders and Confirmation of
their Mechanism of Action

Finally, we utilized a whole genome clustered regularly interspaced short palindromic
repeats (CRISPR) single guide RNA (sgRNA) library screen to identify genes essential for
BET-degrader-mediated growth inhibition and apoptosis. LNCaP cells were transduced with
low-titer lentivirus and treated with 10nM dBET-3 for 30 days, and surviving cells were
assayed for sgRNA enrichment. As expected, cells whose sgRNAs targeted the ubiquitin
ligase complex were enriched and survived treatment. The most enriched sgRNAS targeted
CRBN, Ubiquitin E2 conjugating enzyme (UBE2G1), and the COPS2 subunit of members
of the constitutive photomorphogenesis 9 (COP9) signalosome complex. These proteins are
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essential for BET-degrader mediated ubiquitination and their loss mediates resistance to this
class of drugs (Figure 6A)(32). As a control, we also assayed DU145 cells for genes
essential for their growth using the same sgRNA library without drug treatment. We
unsurprisingly identified genes such as the the Ribonuclease (RNase)_P protein complex
member RPP21 and MYC as essential for growth (33,34); however, BRD2/3/4 and BRDT
(whose expression is limited to the testes and is not expressed in DU145) did not meet the
significance cut off for essential for growth (Figure 6B); suggesting they are dispensable for
growth in DU145.

Conclusions/Discussion:

Here we illustrate the preclinical efficacy of BET-degraders in the treatment of CRPC;
bromodomain degradation disrupts AR and c-MYC signaling, and inhibits PCa cell growth
in vitro and /n vivo. We have also identified that targeting BET-proteins in PCa decreases
fatty acid metabolism, most likely in a c-MYC- and AR-dependent manner, and upregulates
immune-response pathways as well as the pro-apoptotic and stress-induced protein TXNIP.
Both increased PUFAs and TXNIP proteins and transcripts have the potential to serve as
biomarkers or pharmacodynamic markers of BET-inhibition in PCa cells. BET-degraders
elicit stronger effects than BET-inhibitors, and more mechanistic work is needed to identify
the difference between the function and effects of BET-degraders versus standard inhibitors.

Other groups have recently illustrated the increased efficacy and specificity of BET
degraders in PCa (26), but many of these compounds are designed to bind the Von Hippel-
Lindau (VHL) tumor suppressor protein, which is often mutated and non-functional in many
cancers. At higher concentrations, the BET degraders may potentially inactivate VHL and
induce the stabilization of the oncogene Hypoxia Inducible Factor-1-a. (HIF-1a.) (35). In
comparison, our group designed BET degraders, dBET-1, dBET-2 and dBET-3, with greater
efficacy and with CRBN-mediated degradation in lieu of VHL-mediated degradation. Unlike
VHL, CRBN is often overexpressed in PCa and is found in nearly every PCa line (36).
Given its activity /n vivo, dBET-3 (ZBC-260) is our candidate compound most suited for
further clinical development.

How BET-degraders function in the context of bromodomain inhibition and during acquired
resistance to inhibitors need further investigation. Here we have illustrated that the major
mechanism of resistance for a degrader compound is inactivation of the ubiquitin ligase
complex as well as loss of CRBN and other components of the ubiquitination machinery.
Interestingly, our CRISPR screen identified that loss of one transcription factor, Interferon
Regulatory Transcription Factor-3 (IRF3), seemed to convey resistance as well, and further
studies are necessary to elucidate its role and mechanism in resistance. Other studies have
shown that resistance to BET-inhibitors can be induced through a variety of mechanisms,
including the upregulation and overexpression of BET proteins [(19,37,38), Figure 3E], as
well as hyper-phosphorylation and increased stability due to the inactivation of native E3
ligases such as SPOP or TRIM33 (37,39,40). Many of these mechanisms can be prevented
through the use of a BET-degrader. For instance, the artificial interaction with a non-native
E3 complex and subsequent degradation of BET proteins prevents these resistance
mechanisms. Curiously, while BET-degraders have strong effects in AR-positive PCa cell

Clin Cancer Res. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kregel et al.

Page 10

lines, BET-degradation seems to have no effect on transcription, c-MY C expression, or
growth in AR-negative DU145 cells. More work is needed to elucidate how BET proteins
are dispensable for AR-negative cells, and how additional mechanisms of resistance, such a
receptor tyrosine kinase upregulation (41), are involved.

BET-degradation has also been shown to decrease transcription globally in a manner that
phenocopies Cyclin-dependent kinase 9 (CDK?9) inhibition, and CDK?9 hyper-
phosphorylation and activity have been shown to promote resistance to BET-inhibitors as
well (42). This resistance may be prevented by the use of BET-degraders instead of BET-
inhibitors, and may indicate that sequential treatment is not necessarily beneficial. CDK9
activation also promotes PRC2 activity and silences DNA damage repair genes to promote
DNA damage and sensitize cells to PARP inhibitors and chemotherapeutics (42). Outside of
the strong preclinical data presented here, evidence strongly suggests combination therapies
of PARP inhibitors, platinum-based drugs, AR-antagonists, and immunotherapies with BET-
degraders are worth investigating for treatment of CRPC.
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Statement of Translational Significance:

We illustrate the preclinical efficacy of BET-degraders in the treatment of metastatic
castration resistant prostate cancer. BET-degraders have stronger effects than BET-
inhibitors; bromodomain degradation disrupts AR and c-MY C signaling, and inhibits
prostate cancer cell growth /n vitroand in vivo. We have also identified that targeting
BET-proteins in prostate cancer decreases fatty acid metabolism, most likely in a c-

MY C- and AR- dependent manner, and upregulates immune-response pathways as well
as the pro-apoptotic and stress-induced protein Thioredoxin-interacting protein (TXNIP).
Both increased polyunsaturated fatty acids (PUFAs) and TXNIP protein and transcript
have the potential to serve as biomarkers or pharmacodynamic markers of BET-inhibition
in prostate cancer cells. This will be helpful in monitoring patient’s response to the drug,
as well as its efficacy in treating the tumor. We anticipate the development a BET
bromodomain degrader as a novel potential therapeutic strategy for patients with the
metastatic CRPC.

Clin Cancer Res. Author manuscript; available in PMC 2020 July 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kregel et al.

A
IC:50
Values (nM)

AR-Positive

Prostate Cancer

AR-Negative
Prostate Cancer

Compound

Thalidomide

iBET (ZBC-11)

VCaP | 22Rv1 | LNCaP | Dul45

400

dBET-1 (ZBC-244)

9.5 690 50

dBET-2 (ZBC-246)

56 | 250 | 20

OTX-015 45 1300 | 1100
LNCaP cells Thalidomide ~ dBET-1 dBET-2 DMSO iBET
(15nM) (15nM) (15nM) (250nM)
1 3 24 1 3 24 1 3 24 1 3 24 1 3 24
[= 260
BRD4| “== e cup — - we = oD e
[- 70
Myc - G G - — — . S— — L so
S A p— — i || ——— — — -
CPARP R pos e
(7Nl i L | [P ———— R
PC3 cells Thalidomide ~ dBET-1 dBET-2 DMSO iBET
(15nM) (15nM) (15nM) (250nM)
Time (hrs) 1 3 24 1 3 24 1 3 24 1 3 24 1 3 24
BRD4| = e Gaw o - — S — — — 260
Myc| e S - - - — - - | - - - - _:z
GAPDH | c=m o e D TP cD @ @D &P | D O @p ap ap @ |_,
Du145 cells Thalidomide ~ dBET-1 dBET-2 DMSO iBET
(100nM) (100nM) (100nM) (500nM)
1 3 24 1 3 24 1 3 24 1 3 24 1 3 24
— 260
BRMY = EWETEE— L2 2 A A~B-
- 70
Myc| ™ P P S0 0 s G - G || - - — -
GAPDH| cw cnw env exs cns env eow e a0 | e e enw e anw e |~ +°

Figure 1: Efficacy of BET-degraders.

A) Table of Half Maximal Inhibitory Concentration (ICsq) Values for BET-inhibitors and
degraders. The inhibitors, iIBET and OTX-015, and degraders, dBET-1 and dBET-2, were
tested for efficacy in both AR-positive and AR-negative PCa cell lines. Thalidomide control
showed no toxicity (>5uM). Table is color coded with green being higher concentrations and
red being lower. B) The effect of BET-inhibitors and degraders on BRD-4 and MYC levels

in AR-positive and -negative cell lines. Western blot analysis of BRD-4 and c-MYC of

whole cell lysates from AR-positive LNCaP and AR-Negative Dul145 and PC3 cells treated

for 1, 3 and 24 hours with the degraders, dBET-1 and dBET-2, and the inhibitor iBET

compared to control (Thalidomide and DMSO, respectively). PARP cleavage (cCPARP) is
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used as a marker of apoptosis in LNCaP cells seen as two bands at 24 hours of treatment.
GAPDH serves as a loading control.
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Figure 2: Confirmation of on-target degradation of BET proteinsin VCaP and 22rvl AR-

positive prostate cancer cells.

A) Western blot analysis of BRD-2,3,4, c-MYC and the AR-target gene, PSA, of whole cell
lysates from VCaP cells treated for 1, 3, and 24 hours with the degraders, dBET-1 and
dBET-2, and the inhibitor iBET compared to control (Thalidomide and DMSO,
respectively). B) Western blot analysis of BRD-2,3,4, c-MYC and the MYC and AR-target
gene TXNIP, of whole cell lysates from 22Rv1 cells treated for 1, 3 and 24 hours with the
degraders, dBET-1 and dBET-2, and the inhibitor iBET compared to control (Thalidomide
and DMSO, respectively). C) VCaP cells were in 5nM Thalidomide or 5nM dBET-2 for 3
hours, then subjected to whole cell TMT mass spectroscopy. Relative fold changes (x-axis)
between control thalidomide and dBET-2 treatment shown. D) 22Rv1 cells were 5nM
Thalidomide or 5nM dBET-2 for 3 hours, then subjected to whole cell TMT mass
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spectroscopy. Relative fold changes (x-axis) between control thalidomide and dBET-2
treatment shown. Significantly altered (>2 fold difference from control, p value <-log2)
proteins outlined in red. E) VCaP cells were treated with 5nM dBET-2 or 50nM iBET for 3
or 12 hours, then subjected to whole cell label free mass spectroscopy compared to control
(Thalidomide and DMSO, respectively). Significantly altered (>2 fold difference from
control, p value <-log2) proteins outlined in red. Comparison of dBET-3 and ARV-825 BET-
degraders in VCaP (F) and PC3 (G). Western blot analysis of protein degradation of BRD-4
and effects of c-MYC. GAPDH serves as a loading control.
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Figure 3: RNA-seq confirmation of c-MY C downregulation and target genesat 3 and 24 hoursin
AR-positive prostate cancer cells.
RNA-seq was performed on VCaP and 22Rv1 cells treated with 10nM dBET-2 for 3 and 24

hours. Volcano plots showing the differentially expressed transcripts in both VVCaP and
22rv1 cells at 3 (A) and 24 (B) hours of 10nM dBET-2 treatment plotted as a function of
average fold change verses log p-value. The most downregulated transcript in both cell lines
at 3 hours was MYC, serving as a positive control. There is a significant correlation between
genes differentially regulated in VCaP and 22Rv1 cells treated with dBET-2. Correlations
between the two cell lines are shown as Log Fold change of 22rv1 cells plotted against log
fold change of VCaP cells of each of the differentially expressed transcripts at 3 (C) and 24
(D) hours of 10nM dBET-2 treatment. E) RNA-seq on Dul45 cells treated with 10nM
dBET-2 for 3 hours plotted as a function of average fold change verses log p-value. No
expressed transcripts met significance for differential expression. Representative graph from
duplicate experiments showing similar results. F) RNA-seq on DU145 cells treated with
10nM dBET-3 for 3 hours plotted as a function of average fold change verses log p-value.
No expressed transcripts met significance for differential expression, similar to what was
observed with dBET-2 treatment. Representative graph from duplicate experiments showing
similar results. G) Western Blot confirmation of BRD4 degradation in whole cell lysate in
DU145 cells treated with two independent BET-degraders, dBET-3 and ARV-825, as well as
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respective DMSO and Thalidomide controls. GAPDH serves as a loading control. H)
Western Blot confirmation of BRD4 degradation in whole cell lysate in DU145 with dBET-2
(5nM and 10nM Treatment) compared to 10nM dBET-3 treatment for 3 hours. GAPDH
serves as a loading control. I) RNA gene set pathway analysis from RNA-sequencing of
VCaP and 22Rv1 cells treated with 10nM dBET-2 degrader and thalidomide control. SA
Biosciences pathway level 1 Molecular Signatures Database (MSigDB) pathway analysis in
VCaP and 22rv1 cells at 3 and 24 hours of 10nM dBET-2 treatment. Z-score of significance
of individual pathways shown plotted between 22Rv1 (y-axis) and VCaP (x-axis).
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Figure 4: Decreased fatty acid metabolism in BET-degrader treated cells.
Heat map visualization of significantly altered lipid species (p<0.05, FDR corrected) in cells

treated with 10nM dBET-3 or DMSO control for either 24 and 48 hours in VCaP (A — 132
lipid species) or 12 and 24 hours in 22Rv1 (B — 100 lipid species). Columns represent
replicate samples and rows refer to distinct lipid species. Shades of red and green represent
elevation and reduction of the lipids, respectively, relative to median lipid levels. Plots of the
polyunsaturated (C) and saturated (D) triglycerides altered in VCaP cells. Black = DMSO
control treated cells at 24-hour time point; Green = DMSO control treated cells at 48 hour
time point; Blue = 10nM dBET-3 treated cells for 24 hours; Red = 10nM dBET-3 treated
cells 48 hours. Columns represent replicate samples. TAG = triacylglycerol, TG =
triglyceride.
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Figure 5: BET-degrader in Vivo efficacy in prostate xenograft models.
A) Growth curves of tumor volume illustrating the effects of BET-degraders on castration-

resistant \VCaP xenografts in vivo. Mice were injected with 2 x 108 \/CaP prostate cancer
cells suspended in 100 pl of PBS with 50% Matrigel (BD Biosciences) were implanted
subcutaneously into the dorsal flank on both sides of the mice. Once the tumors reached
200mm3 in size, the mice were castrated, and once the tumor grew back to the pre-castration
size, the animals were treated with 5mg/kg dBET-3. B) Growth curves of tumor volume of
the effects of BET-degraders on the AR-positive patient derived xenograft (PDX) 146-12.
Human c-MYC mRNA expression from total RNA extracted from castration resistant VVCaP
xenograft (C) and PDX-146-12 tumors (D). E) Western blot of lysates were obtained from
castration resistant VCaP xenograft tumors. Within as little as 1 hour, we observe
degradation of BRD4, decreases of MYC, and oncogenic, AR-driven TMPRSS2:ERG
expression (ERG Western Blot), and an upregulation of TXNIP. The effects last up to at least
8 hours. GAPDH serves as a loading control. F) Human c-MYC, PSA (KLK3), and TXNIP
mMRNA expression from total RNA extracted from castration resistant VVCaP xenograft
tumors from mice treated for 3 or 6 hours with control, or dBET-3 (5mg/Kkg).
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Figure 6: Whole genome clustered-regular ly-inter spaced-short-palindromic-repeats (CRI SPR)
single-guide RNA (sgRNA) library screen to identify BET-degrader Resistance.

A) Enrichment Score of sgRNAs targeting individual protein coding genes from LNCaP
cells lentivirally transduced with the Human CRISPR Knockout Pooled Library (GeCKO
v2) and then for 30 days with 10nM dBET-3. Y-axis is Logg enrichment score of the
average of individual sgRNAs targeting the protein coding genes in the genome ranked
across the x-axis. CRBN = Cereblon, UBE2G1 = Ubiquitin E2 conjugating enzyme, ILF3 =
Interleukin Enhancer Binding Factor-3, COPS2 = COP9 signalosome complex subunit 2. B)
Depletion Score of sgRNAs for DU145. Similar to A, DU145 cells were transduced with the
Human CRISPR Knockout Pooled Library and genes essential for growth were identified as
lost after 30 days of normal growth conditions. Y-axis is Logio Depletion score of the
average of individual sgRNAs targeting the protein coding genes in the genome ranked
across the x-axis. RPP21 = Ribonuclease P subunit P21. C) Schematic of BET-degrader
targeting BRD4 though Cereblon mediated poly-ubiquitin conjugation, and subsequent
degradation by the proteasome complex.
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